We report here on a detailed coherent x-ray diffraction study of the charge-density wave in K 0.3 MoO 3 as a function of an external current. At threshold current, the charge-density wave undergoes a strong decrease of average amplitude keeping large correlation lengths. At the same time, an extra electronic modulation with large periodicity appears directly related to the sliding of the charge-density wave. This effect is interpreted as the formation of a soliton lattice and its evolution with respect to external current is investigated. The charge-density wave phase is found to undergo an anharmonic to harmonic transition when a current is injected. The collective motion of electrons has always been a fascinating topic in condensed-matter physics. In chargedensity wave (CDW) systems, transport measurements were the first to provide a clear signature of the collective motion of condensed electrons.
The collective motion of electrons has always been a fascinating topic in condensed-matter physics. In chargedensity wave (CDW) systems, transport measurements were the first to provide a clear signature of the collective motion of condensed electrons. 1 A nonlinear conductivity is observed above a threshold current I T and is attributed to depinning of the CDW on impurities. 2, 3 An excess current then arises as well as a broadband noise and current oscillations. 4 Although the electron-density modulation involved in CDWs is very small, x-ray diffraction provides information about the structure of the CDW as it is associated with a periodic lattice distortion. These atomic displacements give rise to two satellite reflections at twice the Fermi wave vector 2k F from each fundamental Bragg peak. The intensity and profile of these reflections can thus be studied as a function of external current. Because the diffracted intensity does not depend on the CDW phase with respect to the lattice, the sliding of the CDW as a whole is in principle invisible by diffraction techniques. But some studies on blue bronze K 0.3 MoO 3 (Refs. 5 and 6) and NbSe 3 (Refs. 7-11) evidenced clear diffraction effects under current, all due to the presence of intrinsic or extrinsic defects. The CDW was, for instance, found to lose its transverse coherence above threshold, 5, 6 and to have a different wave vector close to the contacts 8, 9 or near crystal steps. 10, 11 In a recent paper, 12 we reported on another feature observed in the sliding regime: for large currents, secondary satellites appear in the close vicinity of the CDW reflections. The period of the corresponding modulation is in the micrometer range, i.e., 1000 times larger than the CDW period (λ CDW = 2π 2k F ∼ 10Å). Such long-range electronic correlations are unprecedented in electronic systems. In the following, we report on a careful analysis of this effect as a function of external current.
The use of a high-resolution setup together with a coherent beam is mandatory to access very fine structures in reciprocal space associated to such large periodicities in real space. The experiment was performed at the ID20 beamline of ESRF. 13 A 7.6 keV beam was selected by a double Si(111) monochromator providing a λ/λ = 1.4 × 10 −4 bandpass, fixing the longitudinal coherence length to 0.8 μm. 12 The beam size was reduced to 200 μm with slits located after the optics and 10 m upstream of the sample, leading to a transverse coherence length ∼8 μm at sample position. Well-polished slits opened at 10 μm were inserted 10 cm before the sample to select the coherent part of the beam. A 22 μm pixel size charge-coupled device (CCD) camera located 1.76 m downstream of the sample was used for detection. Within this experimental setup, the resolution is q = 0.8 × 10 −4Å−1 and the total degree of coherence reaches 18%. • ), and forming layers in the (b, a + 2c) plane. 15 The Fermi surface is composed of two pairs of slightly warped sheets perpendicular to the chains, allowing a nesting with wave vector q 2k F ≈ 0.748 b * . 16 Due to Coulomb repulsion between adjacent chains in the c direction, the CDW wave vector q s = (1,2k F ,0.5) is not parallel to the nesting wave vector q 2k F . The electron density reads
where ρ 0 = 2e, is the electronic gap value, v F and k F are the Fermi velocity and wave vector, respectively, is a constant related to the electron-phonon coupling, and (r) is the CDW phase whose space dependence will be used later. The CDW of blue bronze is incommensurate with the underlying lattice, allowing it to slide when submitted to a current larger than a threshold current I T . Above I T , the dV /dI versus I curve displays an abrupt change of slope and voltage oscillations are observed. 17 Moreover, crystal defects (impurities, dislocations, nonstoichiometry) or nonuniform contact resistance are responsible for an inhomogeneous current flow through the sample. the two inner ones to measure the voltage. Transport and diffraction measurements were performed simultaneously. The measured dV /dI curve is plotted in Fig. 1(j) and nonlinear conduction appears at I T = 1.2 mA. After each current cycle, the virgin state was restored by heating the sample up to room temperature for 1 h.
The Q s = (5,1,3) + q s satellite reflection has been measured with an incident beam located hundreds of microns away from the electrical contacts. It is one of the most intense satellite reflection at relatively small angles. 19 The incident beam angle is θ i = 12.5
• and the diffracted one is θ f = 26.4
• . As described in Ref. 12, the diffracted intensity was measured in a small reciprocal volume around Q s as a function of external current. Figures 1(a)-1(i) show the projection of the central part of this volume onto the (b * ,t * ) reciprocal plane defined by the CCD camera cut for different currents.
The transverse direction t * is the horizontal direction of the CCD camera. It is perpendicular to b * and makes an angle of ∼20
• with respect to 2a * − c * in reciprocal space. The full width at half maximum (FWHM) along t * is approximately constant and corresponds to correlations lengths of ∼ 500 nm. Along b * , the Q s FWHM also remains constant with increasing current. The integrated intensity of the 3D patterns are displayed versus current in Fig. 1(k) . A strong decrease of intensity occurs at I T .
Very interesting features appear in the sliding direction b * and are studied in detail here. The projection of the 3D distribution of intensity onto b * is displayed in Fig. 2(a) . The CDW reflection slightly moves with current but is less than ±10 −4Å−1 . Beyond the clear intensity decrease with current, and as already reported in Ref. 12 , secondary satellites appear at positions Q s ± δq where δq ranges from 0.0005 to 0.001 b * . These were observed several times in different samples but it is noteworthy that some samples do not exhibit this effect. To our point of view this is related to the amount of defects in some samples leading to local inhomogeneities of the CDW. The samples in which the effect was measured were also not homogeneously displaying the secondary satellites. That is why we think that defects must have an influence on the appearance of this phenomenon. A faint sign of the effect is present at 0 mA but is attributed to a nonvirgin state remaining after previous current injections, blue bronze being well known to display memory effects. 20 At I = 1 mA, slightly below I T , they are located in the tail of the Q s satellite. With increasing current, the secondary satellites continuously move away from Q s . The corresponding wave vector magnitude δq as well as the corresponding periodicity d = 2π/δq versus current are displayed in Figs. 2(b) and 2(c). d decreases from 1.2 μm at I T to 0.7 μm at 4 mA, and then saturates for larger currents. The secondary satellites FWHM is larger than that of Q s for I 4 mA but for higher currents the widths of the secondary satellites and of Q s are identical. A crucial point for the interpretation of the phenomenon is to note that the two secondary satellites located at ±δq do not have the same intensity, especially for small currents.
To understand these observations, let us first emphasize that the secondary satellites appear for currents close to I T , which is a strong indication that the effect is induced by the CDW motion. It is also consistent with the fact that no speckle has ever been recorded despite the use of a coherent beam, meaning that the CDW motion leads to a dynamical averaging of the speckles.
Two models can be proposed to account for the appearance of such secondary satellites, either a periodic modulation of the CDW amplitude ρ 0 or of its phase (r). In the former case, the CDW motion would induce 1 μm CDW stripes with modulated amplitudes along b * . Such a pattern would give rise to ±δq secondary satellites but with similar intensities, in contradiction with the observed data. Strong disorder effects could induce the observed intensity asymmetry through a DebyeWaller-like factor, but the distortions necessary to reproduce our measurements are too large to be actually considered.
On the other hand, a simple periodic phase (r) naturally leads to ±δq peaks with asymmetric intensities provided it is not an even function of space. [It can be shown that if x 0 can be found so that (x − x 0 ) is an even function of space, then I (q + δq) = I (q − δq).] To explain the occurrence of secondary satellites, the theory of discommensurations is often invoked. 21, 22 It states that the modulation wave vector locks in to a commensurate value in large domains to gain the energy of interaction between the host lattice and the modulation. These domains are separated by discommensurations (or solitons), where the elastic energy is lost, and phase changes by 2π/p = πα, where p is the order of commensurability. 23 Note that in the case of a CDW, a soliton carries a charge αe. In order to retrieve the actual incommensurate wave value, the domain periodicity d must satisfy
where δ is the deviation to commensurability. In blue bronze the simplest and closest commensurate wave vector is (3/4)b * ≈ 2k F , which implies that the order of commensurability is p = 8 (α = 1/4) because 8 × (1,3/4,0.5) = (8,6,4) is a reciprocal wave vector [as first emphasized in Ref. 28, 4 Q s ∼ (4,3,2) is not a reciprocal vector of the C lattice]. In the present case δ = 3/4 − 2k F = 0.002b * , which leads to d = 0.05 μm. With such a periodicity, the secondary satellites would appear 20 times further from the 2k F reflection than observed. Moreover, δq increases with current, which cannot be interpreted within the discommensuration model without changing α, i.e., the position of the CDW reflection. The fact that the CDW still slides is also hardly consistent with the existence of locked in commensurate regions.
A semiphenomenological phase model is presented here, in which the CDW is allowed to make any phase jump, and deform to be in any incommensurate state. The fact that the 2k F satellite reflection does not move indicates that the number of condensed electrons is kept constant, i.e., ∇ (r)d 3 r = 0, which is satisfied if the phase is a periodic function of space. Along the chains (y direction), the following function accounts for a soliton lattice:
in which d is the observed periodicity. The phase amplitude change πα and the soliton length l 0 are free parameters. Note that the discommensuration model is a particular case of that one with α = 1/4. The phase profiles giving the best fit to the data and the evolution of α and l 0 with current are displayed in Figs. 3(a) and 3(b) . The corresponding calculated diffraction patterns are plotted in Fig. 2(a) . The fit is in very good agreement for I 4 mA, but some discrepancies appear at lower currents.
To illustrate the transverse ordering of the solitons, the CDW is depicted in Fig. 4 for different currents. This structure is in agreement with the fact that the secondary satellites appear purely along b * , meaning that the solitons form planes perpendicular to the chains. This is indeed the most energetically favorable configuration as it prevents a huge Coulomb repulsion between out-of-phase neighboring chains.
For currents below 4 mA, an inhomogeneous CDW motion could be responsible for the discrepancy between the fitted and measured secondary satellites widths. In this regime, it is indeed well established that some domains begin to slide while others are still pinned. 18 As a consequence, some regions display a certain periodicity of their phase while others have a different one. The summation of several periodicities leads to broader secondary satellites on the average but does not affect the width of the 2k F satellite reflection, as observed. At higher currents, the discrepancy between 2k F and secondary satellite widths is not measured anymore, which is a strong indication that the sliding becomes more homogeneous around 4 mA.
Finally, the integrated intensity of the CDW and secondary satellites dramatically drops at I T , and this has always been observed at I T . This puzzling effect does not go together with a sizable broadening of the CDW reflection. Thus the average amplitude of the CDW decreases when it slides, which can be explained by two mechanisms. Either the global amplitude of the CDW decreases everywhere, or the CDW disappears in some regions of the sample, while the remaining regions keep the same correlation length. As the CDW is not homogeneous in the whole sample the second explanation might be more appropriate.
The present model well accounts for the behavior of the driven CDW in blue bronze but the energetical issue has to be discussed. In the case of the static discommensuration model, the elastic energy loss is compensated by the gain in CDW to lattice coupling. Here, the energy cost of the phase defects formation has to be attributed to external current.
The evolution of the CDW phase when current is increased can be seen as an anharmonic to harmonic transition, as it gets closer to a pure sine function. This kind of transition has been observed in many fields of condensed matter, especially in incommensurate molecular crystals, 24 liquid crystals in the smectic phase, 25 or magnetic systems. 26, 27 The anharmonicity is particularly visible by neutron and x-ray diffraction since it leads to an increase of the higher-order satellites intensity. In all these examples, the anharmonicity appears when temperature is decreased. In our case, an analogy can be done considering the velocity instead of the temperature.
As a conclusion, we report in this paper on the structural study of the current-driven CDW in blue bronze. An extra modulation appears at I T and is interpreted as the formation of a soliton lattice. Its period decreases with current, until saturation at 4 mA. Above this current, the soliton lattice has the same correlation length as the CDW itself, and the long-range periodicity is stabilized. The description proposed here is an alternative to the discommensuration model but a theoretical justification still has to be found to clarify the mechanism responsible for the change of periodicity with current.
